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Background: Endo-p-N-acetylglucosaminidase H (Endo
H), an endoglycosidase secreted by Streptomyces plicatus,
hydrolyzes the glycosidic bond between the core N-acetyl-
glucosamine residues of asparagine-linked high-mannose
oligosaccharides. Endo H is a commonly used reagent in
glycobiology research, including the characterization of
oligosaccharides in glycoproteins. On-going crystallo-
graphic studies of Endo H and related endoglycosidases are
aimed at identifying the molecular features that.determine
the different substrate specificities of these enzymes.
Results: The three-dimensional structure of Endo H has
been determined to 1.9 A resolution. The overall fold
of the enzyme is that of an irregular (ot/3)8-barrel
comprising eight -strand/loop/oc-helix units. Units 5
and 6 have very short loop sections at the top of the mol-
ecule and their ot-helices are replaced by sections of
extended geometry. The loop of unit 2 includes a small
two-stranded antiparallel 3-sheet. A shallow curved cleft
runs across the surface of the molecule from the area of
units 5 and 6, over the core of the -barrel to the area of
the 3-sheet of loop 2. This cleft contains the putative cat-
alytic residues Asp130 and Glu132 above the core of the
-barrel. These residues are surrounded by several aro-
matic residues. The loop 2 area of the cleft is formed by
neutral polar residues, mostly asparagines.
Conclusions: The structure of Endo H is very similar to
that of Endo F, a closely related endoglycosidase
secreted by Flavobacterium meningosepticum. Detailed com-
parison of the structures of Endo H and Endo F1 sup-
ports the model previously proposed for substrate bind-
ing and recognition, in which the area of loop 2
determines the substrate specificity and the at-helices of
units 5 and 6 are missing to accommodate the protein
moiety of the substrate.
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Introduction
Endo-1-N-acetylglucosaminidase H (Endo H, E.C.
3.2.1.96), an endoglycosidase secreted by Streptomyces
plicatus [1], hydrolyzes the central glycosidic bond of the
131,4-di-N-acetylchitobiose core of asparagine-linked
oligosaccharides so that one N-acetylglucosamine
(GlcNAc) residue remains with the protein and the other
forms the reducing end of the released oligosaccharide
[1,2]. Endo H is highly specific for hybrid and
high-mannose glycans and does not process complex
oligosaccharides [1,2]. The enzyme requires -Manot(1-3)-
Manao(1-6)Manl (1-4)GlcNAc[ (1-4)GlcNAc-Asn as the
minimum substrate for hydrolytic activity. The
at(1-3)-linked mannose (shown in italics) does not occur
in complex oligosaccharides and is absolutely required
for processing by Endo H. Endo F, one of three endo-
glycosidases secreted by Flavobacterium meningosepticum,
has a similar substrate specificity to Endo H and a high
degree of sequence homology [3], including 32% iden-
tity at the amino acid sequence level. Both Endo H and
Endo F process high-mannose and hybrid oligosaccha-
rides but not complex oligosaccharides. However, they
differ in their tolerance of modifications to the diacetyl-
chitobiose core. Specifically, an ot(1-6)fucose substituent
on the first GlcNAc residue does not affect processing by
Endo H but reduces hydrolysis by Endo F1 by over
50-fold [4]. The other F meningosepticum endoglyco-
sidases, Endo F2 and Endo F3, preferentially process
biantennary and triantennary complex oligosaccharides,
respectively, and exhibit lower levels of sequence identity
to Endo H than does Endo F1 [5].
Sequence analyses [3,6] and site-directed mutagenesis
studies [7], where all the aspartates and glutamates of
Endo H were replaced with glutamines and asparagines,
respectively, have resulted in the identification of Aspl28,
Aspl30 and Glu132 as the probable catalytic residues.
However, Asp128 has since been eliminated from consid-
eration because it is not conserved in the endoglycosi-
dases of F meningosepticum, and the corresponding residue
in Endo F1 is buried in the interior of the molecule [8].
Endo H is one of the most commonly used enzymatic
reagents in glycoprotein research and is extensively used
in studies of the structure and function of asparagine-
linked oligosaccharides [9,10]. Its selectivity for specific
oligosaccharide structures, as well as the complexity of
its glycoprotein substrates, makes it of particular interest
for crystallographic analysis. Comparison of the struc-
ture of Endo H with those of the F meningosepticum
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endoglycosidases should result in a more complete
understanding of the relationships between activity and
substrate specificity of these enzymes. Here we report
the structure of Endo H as determined by X-ray crystal-
lography at a resolution of 1.9 A and compare the
structure with that of Endo F1.
Results
Structure determination
Endo H was crystallized as previously described [11]. The
structure was determined by multiple isomorphous
replacement methods (MIR), using three derivatives.
(Details of the structure determination and refinement are
reported in the Materials and methods section.) The
structure has been refined to an R-factor of 0.199 for
21960 reflections with F>2((F) in the range 10.0-1.9 A
resolution. The R-factor is 0.211 for all 25 147 reflections
with F>0. The model comprises 2016 non-hydrogen
protein atoms belonging to 265 residues and 162 water
molecules. The first five residues at the N terminus and
the C-terminal residue are missing. Figure 1 shows the
Ramachandran plot of the current model. Of the 265
residues, 89.0% are in the most favored regions as defined
by PROCHECK [12]. No non-glycine residues fall in
the generously allowed or disallowed regions. Ala45 has a
cis-peptide conformation. The root mean square (rms)
deviations from ideality are: bond lengths, 0.010 A; bond
Fig. 1. Ramachandran plot of Endo H. The plot was produced
with the program PROCHECK [12]. Glycine residues are shown
as triangles. Decreasing probability levels of conformations are
indicated by the decreasing gray scale: core (dark gray), allowed
(gray), generously allowed (pale gray) and disallowed (white).
angles, 1.59°; dihedrals, 25.4°; and impropers, 1.36 ° . The consisting of only two turns (residues 22-27), and is fol-
average temperature factor is 24.53 A2 for the main-chain lowed by a three-residue (3-strand (residues 28-30).
atoms, 27.91 A2 for the side-chain atoms and 45.11 A2 3-strand 2 (residues 37-50) is longer than all the other
for the water molecules. Figure 2 shows a representative 3-strands and extends beyond the top of the barrel. The
fragment of the final 2 F0 - Fc I electron-density map. chain folds back to form a small two-stranded antiparallel
3-sheet (residues 46-50 and 57-61) on top of the mol-
Polypeptide fold ecule before it continues as helix 2 at residue 62. (x-helix
Endo H is an irregular ((x/3)8-barrel protein with the 2 is kinked at Ala72. Unit 3 has residues 85-90 forming
approximate dimensions 31Ax34Ax57A. The (t/3) 8- 3-strand 3 and residues 105-122 forming (x-helix 3. This
barrel has been observed in the structures of at least 30 helix is very long and unique in that it does not run
proteins that have greatly differing functions, although antiparallel to its corresponding 3-strand but runs almost
many are glycosidases, and they often lack significant perpendicular to the barrel axis. It extends below the
sequence homology [13,14]. The ((x/13) 8-barrel motif two-stranded 3-sheet of the loop of unit 2. Unit 4 spans
consists of a cyclic repeat of eight A-strand/loop/a-helix residues 126-159, with the first five residues making up
units. The 13-strands form a parallel 3-barrel in the core the 3-strand and residues 147-159 forming the x-helix.
of the molecule that is surrounded by the ot-helices. The The loops of units 3 and 4 are long but lack secondary
face formed by the C termini of the 3-strands is conven- structure. The conformations of units 5 and 6 are
tionally referred to as the top of the molecule. The unusual: the loops at the top of the molecule are very
helices run antiparallel to the 13-strands and span the mol- short, the sections running from the top to the bottom of
ecule from the top to the bottom. The loops that connect the molecule have extended rather than o-helical confor-
the 3-strands to the a(x-helices tend to be long and often mations, and the loops at the bottom of the molecule are
include insertions, ranging in size from a few amino acids unusually long. Unit 6 contains no (x-helix and unit 5 has
to large domains, whereas those that run from the helices only a short single-turn (x-helix, formed by residues
to the 3-strands tend to be shorter [15]. With one excep- 171-174, that is located at the top of the molecule rather
tion, ll of the (a/3)8-barrel proteins presently known are that on the outside. Units 7 (residues 210-238) and 8
enzymes and their active sites are all located above the (residues 239-263) have standard (x/loop/13 conforma-
core of the 3-barrel at the top of the molecule [13]. tions, except that 13-strand 7 is kinked in the middle at
X*Pro213. The C-terminal segment loops back up towards
Figure 3 shows the structure of Endo H. The N terminus the top of the molecule, forming a four-residue 3-strand
lies beneath the molecule and extends into the surround- (residues 266-269) which makes a small antiparallel
ing solvent. 13-strand 1 begins at residue 9. The loop of 13-sheet with the three-residue 13-strand (residues 28-30)
unit 1 has five residues, Vall7-Ser21. a(x-helix 1 is short, that follows helix 1.
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Fig. 2. Stereo diagram of the final
(2F0-Fc) map in the area of the two-
stranded antiparallel 13-sheet in unit 2,
with residues 44-49 and 58-68. The
map is contoured at the 1 .0 level.
3-barrel geometry
The centrally located [-barrel has a height of-13 A and
is elliptically shaped with a major axis length of -18 A
and a minor axis length of 13 A. The 13-barrel geometry
is very similar to that of most other a/3-barrels [16].
The 13-strands make an angle of-350 relative to the cen-
tral axis of the barrel and the shear number (the measure
of the stagger between the 13-strands) is eight. The aro-
matic and hydrophobic side chains of 12 residues occupy
the core of the barrel and are arranged in three tiers. The
only unusual feature is the kink introduced in 13-strand 7
by residue Pro213. As shown in Figure 4, this kink dis-
rupts the normal hydrogen-bonding pattern by inserting
an additional residue between two residues that form
hydrogen bonds to strand 6 and eliminates a hydrogen
bond to strand 8.
Oligosaccharide-binding cleft
The contrast between the short loops of units 5 and 6
and the long loops of units 3 and 4, on the one side, and
units 7 and 8, on the other side, produces a depression
in the rim of the barrel on the top surface of the mol-
ecule above units 5 and 6. This depression forms one
end of a shallow 40 A cleft that runs over the core of the
P-barrel, turns to the left and exits between the loops of
units 1, 2 and 3 and over the P-sheet formed by the
loop of unit 2.
This cleft, shown in Figure 5, can be divided into three
regions that differ in their composition: the area above
units 5 and 6, the area above the core of the P-barrel,
and the area formed by the loops of units 1, 2 and 3. The
area above loops 5 and 6 is the deepest part of the cleft. It
is highly accessible because of the absence of ot-helices at
the side of the barrel. The walls of the cleft in this area
are formed by the side chains of a wide variety of
residues, including hydrophobic, aromatic and polar
residues. The putative catalytic residues, Aspl30 and
Glu132, are contributed by 13-strand 4 and are located in
the cleft area above the core of the -barrel. Aspl30
extends its side chain upwards in the core of the 13-barrel
so that the carboxylate group forms part of the base of
the cleft. Glu132 is the last residue of the 13-strand and its
side chain extends into the cleft from the side wall. The
carboxylate groups of Asp130 and Glu132 form a weak
hydrogen bond: Asp130081...Glu1320E2, 3.4 A with
C-O...O angles of 108.70 and 106.20. No other acidic
residues are found in the vicinity of either of the catalytic
residues. The closest ones, Aspl6 and Glu217, have min-
imum oxygen-oxygen distances with Aspl30 or Glu132
of -9 A and 11 A, respectively. The catalytic residues are
surrounded by several aromatic and hydrophobic
residues, many of which are part of the top layer of the
barrel core. These residues include six tyrosines (residues
14, 133, 168, 195, 196 and 244), one phenylalanine
Fig. 3. The fold of Endo H. (a) Stereo diagram showing the Ca trace of the structure of Endo H. Every 20th residue and the N-terminal and
C-terminal residues are labeled. (b) Ribbon diagram showing the 3-strands as arrows and a-helices as cylinders. The figure shows the top
face of the molecule and is oriented so that the 13/loop/o units 1 and 8 are in the top right corner. The loop of unit 2 is in the upper left
corner and units 5 and 6 are at the bottom. (This figure and all the other color figures were prepared with the program SETOR [31 1.)
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Fig. 4. Schematic diagram showing the hydrogen-bonding pattern of the -barrel. The residues that have their side chains pointing into
the barrel are labeled. The broken lines represent hydrogen bonds. Nine strands are shown, the first one being duplicated. Pro213,
indicated in bold, causes a kink in -strand 7, disrupting the regular hydrogen-bonding pattern.
Fig. 5. Stereo figure of the space-filling
model of the top surface of Endo H in
the same orientation as in Figure 3. The
oligosaccharide-binding cleft runs from
the bottom of the figure to the upper left
corner. The catalytic residues, Asp130
and Glu132, are located close to the
center in the lower left quadrant and are
surrounded by many aromatic residues.
Residues are color-coded in this and all
subsequent figures as follows: Phe, Trp,
Tyr in magenta; Asp, Glu in red; Ser,
Thr, Asn, Gn in cyan; Arg, Lys, His in
blue; Pro, Val, Ala, lie, Leu in brown
and Gly in white.
(residue 44), one leucine (residue 91) and one isoleucine
(residue 170). Several of the tyrosine side chains are
stacked adjacent to the catalytic residues but do not form
hydrogen bonds with the carboxylate groups. They pre-
sumably play a role in the binding and positioning of the
GlcNAc residues. The other end of the cleft is formed by
residues from units 1, 2 and 3. It contains primarily polar
side chains including a number of asparagines (residues
18, 47, 49, 62, 64 and 93), two histidines (residues 60
and 94), two glutamines (residues 60 and 95), a glutamic
acid (residue 16) and a tyrosine (residue 58).
Discussion
Comparison of the structures of Endo H and Endo F1
Endo F1 and Endo H both have irregular (/1) 8-barrel
folds with the following distinct features: 3/loop/x units
5 and 6 have short loop sections and lack the (x-helices;
loop 2 includes a small two-stranded antiparallel 3-sheet
that lies on top of the molecule; and a curved cleft runs
from the area of units 5 and 6 to the area of loop 2.
Figure 6 shows a superposition of the C traces of
Endo F1 and Endo H. This superposition was obtained
by least-squares fitting of the (x-carbon atoms of 41
residues of the 3-barrel. The rms displacement between
these (x-carbon atoms is 0.43 A and the maximum dis-
placement is 1.07 A. The small displacement values show
that the 3-barrels have nearly identical geometries. This
similarity in structure also extends to most of the geo-
metry of the loops and helices of units 1, 2 and 3. The
two-stranded antiparallel 3-sheets of unit 2 also align well
and have identical conformations although the turns
formed by residues 51-56 are slightly displaced. From
unit 4 to the C terminus, the overlap becomes less pre-
cise, but, with the exception of the loops of units 7 and 8,
this primarily results from an accumulation of small dif-
ferences in the geometries of individual residues because
the overall fold remains constant. Units 5 and 6 have sim-
ilar unusual folds: no descending helices, short loops at
the top and long loops at the bottom of the molecule.
Unit 5 has a single-turn a-helix in Endo H and a single-
turn 310-helix in Endo F1, but at identical locations near
the top of the molecules. The loop sections of units 7 and
8 have turns that extend further out from the molecule in
Endo F1 than in Endo H. In loop 7, the additional
residues needed to form this loop are compensated for by
replacing the first two turns of helix 7 with an extended
section. The loop of unit 8 is much shorter in Endo H
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Fig. 6. Stereo superposition of the Ca
traces of Endo H (white) and Endo F1(green). Note the good overlap of the
two backbones in the area of units 1, 2
and 3 and, in contrast, the lack of over-
lap in units 5, 6, 7 and 8.
than in Endo F1, consistent with a gap of seven residues
in the sequence alignment. The C terminus of Endo F is
seven amino acids longer than that of Endo H. The addi-
tional residues are located between the ao-helices of units
1 and 8 and extend to the top of the molecule.
Active-site geometry and mechanism
The putative active-site residues, Aspl30 and Glu132, are
located in the cleft on top of the 3-barrel in both
Endo H and Endo Fl. Figure 7 shows the superposition
of the active-site areas of both enzymes. Aspl30 is buried
deep in the cleft and adopts identical conformations in
the two structures. A slight difference in the conforma-
tions of the residues at the C-terminal end of the
-strand of unit 4 causes Glu132 to project further into
the cleft in Endo H. Consequently, there is a difference
in the distance between the carboxylate groups. The
shortest distance between oxygen atoms in Glu132 and
Aspl30 is 3.4 A in Endo H and 2.5 A in Endo Fl.
Although both pairs are in good hydrogen-bonding
geometry, this interaction appears to be much weaker in
Endo H than in Endo F1. No other intramolecular
hydrogen bonds involving Aspl30 or Glu132 carboxylate
oxygens occur in either structure, but Glu132 of Endo H
also forms a hydrogen bond, with an oxygen-oxygen
distance of 3.0 A, with Asp135 of a symmetry-related
molecule. This second contact may also contribute to
the weakening of the hydrogen-bonding interaction of
Glu132 with Aspl30. The largest differences in the
residues surrounding Aspl30 and Glu132 are the substi-
tution of Ile170 (Endo H) for Tyr173 (Endo F), and a
change in the conformation of Tyrl68 (Tyrl71).
Schmidt et al. [7] have suggested that the catalytic mech-
anism of Endo H would be analogous to that of
lysozyme. However, the active-site geometry is -not
totally consistent with the classical lysozyme mechanism.
This mechanism, based largely on the structural studies
of Blake et al. [17], requires one carboxylate group,
lysozyme Glu35, as a proton donor and another, Asp52,
to stabilize the oxocarbonium ion intermediate. These
two residues lie on opposite sides of the substrate-binding
cleft, so that they approach the oligosaccharide from
opposing directions. The distance between the a-carbon
atoms is -10 A. The corresponding distance between
Aspl30 and Glu132 is 5.1 A in Endo H and 5.9 A in
Endo F, and the two catalytic residues are contributed
by the same -strand so that one carboxylate group,
Aspl30, forms part of the floor of the cleft and the other,
Glu132, part of the side wall.
In a recent overview of glycosidase structures, McCarter
and Withers [18] have indicated that active-site geome-
tries of glycosidases can be correlated with the type of
enzyme mechanism: retaining or inverting. Retaining
glycosidases have average carboxylate oxygen-oxygen
distances of -5.0 A, whereas the average for inverting
glycosidases is -9.0 A. Endo H and Endo F1 have average
distances between the four carboxylate oxygens of 4.5 A
and 3.8 A, respectively, which would clearly classify them
in the group of retaining enzymes, if these two residues
are indeed the catalytic residues. However, it is unusual
that the two acidic residues in the active site of glycosi-
dases are in hydrogen-bonding contact. We are aware of
only two structures of this type: cellobiohydrolase II from
Fig. 7. Stereo superposition of the area
above the core of the 3-barrel showing
the two catalytic residues, Asp130 and
Glu132. Aspl30 adopts identical con-
formations in Endo H and Endo F,
whereas Glu132 of Endo H projects
further into the cleft.
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Trichoderma reesei [19], and a hybrid Bacillus 1,3-
1,4-13-glucanase [20]. It is unclear, however, whether the
hydrogen-bonded acidic groups perform both the proton
donor and the oxocarbonium-stabilizing roles of the
mechanism because other acidic residues are nearby. It
has been suggested that one of the acidic residues in each
pair serves to make the other residue more acidic, while
yet another acidic residue would stabilize the intermedi-
ate. In Endo H and Endo Fl, there are only two other
conserved acidic residues in the vicinity of the 13-barrel,
Aspl6(17) and Glu217(223), with oxygen-oxygen dis-
tances to Glu132 of -10 and 11 A, respectively.
Although either residue could in principle be the oxocar-
bonium-stabilizing residue, neither one has been shown
to be essential for activity by mutagenesis experiments
[7], nor do their positions relative to Glu132 resemble a
typical glycosidase active site. Other recent results have
placed some doubt on the requirement of a second acidic
residue. These include the crystal structure of goose
lysozyme [21], which has an active-site geometry that is
very similar to those of hen egg-white lysozyme
(HEWL) and T4 phage lysozyme, but lacks Asp52, the
residue responsible for stabilizing the oxocarbonium
intermediate in HEWL. Therefore, the mechanism of
action of Endo H and Endo Fl is probably closely related
to that of cellobiohydrolase II and these enzymes may,
like goose lysozyme, not require stabilization of the oxo-
carbonium intermediate.
Substrate binding and recognition
In our analysis of the structure of Endo F [8], we pro-
posed that the oligosaccharide moiety of the substrate
would bind in the cleft on top of the molecule in such an
orientation that the reducing end of the oligosaccharide
would lie in the cleft area above loops 5 and 6 and the
non-reducing end near loop 2. The protein moiety of
the substrate would be located outside the barrel, adja-
cent to the surface formed by the non-a-helical descend-
ing sections of units 5 and 6. This model, shown in
Figure 8, was based on the following observations: anal-
ogy in the asymmetries of the recognized portion of the
substrate and of the location of the active-site residues in
the cleft; the absence of a-helices in units 5 and 6, which
reduces the size of the barrel rim and makes the outer
surface of the molecule less rigid; and the presence of a
cluster of conserved asparagine residues in the cleft area
at loop 2. The cluster of asparagine residues was thought
to be crucial for substrate recognition. The fact that
many glycoproteins are not processed unless they are
denatured indicates that steric hindrance between folded
glycoproteins and the enzyme surface does occur to the
extent where it can cause inability of the substrate to
bind. Reduction in the, width of the barrel rim and
increased flexibility in the area of units 5 and 6 would
increase the ability to bind substrates with more bulky
protein moieties.
The crystal structure of Endo H provides further support
for this model. Figure 9 shows the superposition of
the cleft area of loop 2 of both enzymes. This region is
Fig. 8. Schematic diagram of the proposed model for binding and
recognition of the substrate by Endo H and Endo F1. The large
ellipse represents Endo H, with the oligosaccharide bound in the
cleft across the surface. The branched mannose residues are
located in the proposed recognition area and the GIlcNAc
residues are adjacent to the catalytic residues above the core of
the barrel.
the most highly conserved area of the cleft, structurally
as well as chemically, consistent with its role as the bind-
ing area of the essential at(1-3)-linked mannose in the
proposed model. All residues, with one exception
[His60(Endo H)/Ser61(Endo F1)], are conserved and
those in the bottom of the cleft are all in essentially iden-
tical conformations. The structural similarity of this area
also extends to the solvent structure. Both structures have
five water molecules in the cleft in this area that are in
essentially identical positions. All water molecules are
hydrogen bonded to the asparagines and may well substi-
tute for hydroxyl groups of the substrate. Furthermore,
attempts to model the binding of oligosaccharides to
Endo F have shown that, if the glycosidic link between
the two GlcNAc residues is placed adjacent to the
Glu132 carboxylate group, the a(1-3)-linked mannose
would be located near the clusters of asparagines in the
cleft area of loop 2 (P Van Roey and J Prenoveau,
unpublished data).
The structures of Endo H and Endo F1 differ much more
at the other end of the binding cleft. The section of unit 5
that forms part of the cleft area has identical conforma-
tions but significant sequence differences: the residues of
Endo H are more hydrophobic in character, with Ile170,
Glyl71 and Pro172 replacing Tyr173, Ser174 and Arg175
of Endo Fl. The loop sections of units 6 have somewhat
different conformations and lack sequence homology. For
example, the Endo H residues Pro194 and Tyr195 replace
Substrate protein ;
moiety I
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Fig. 9. Stereo superposition of the areas
formed by loops of 1, 2 and 3, in
Endo H and Endo F1,. The Cax backbones
are shown in white (Endo H) and green
(Endo F). This area is primarily com-
posed of asparagine residues, shown in
cyan. The two structures are nearly
identical in this area, including the
orientations of all side chains.
Fig. 10. Stereo superposition of the area
of loops 6 and 7. The Ca traces and the
residue labels are white for Endo H and
green for Endo Fl. The structures differ
more in this area than in other parts of
the cleft. The main difference is in the
conformation of loop 7, which is closer
to the cleft in Endo F1 than in Endo H.
Two large Endo F1 residues, Arg228 and
Glu226, replace Thr221 and Arg220 of
Endo H, respectively, and extend
towards the binding cleft. The resulting
increased volume of Endo F1 compared
with Endo H is probably responsible for
the reduced ability of Endo F to process
c(1 -6)-fucose-containing substrates.
Asp198 of Endo Fl. The largest differences, however,
occur in the descending sections of units 5 and 6 and the
loops of units 7 and 8. The descending sections are
thought to be involved in non-specific interactions with
the protein moiety of the substrate and would benefit
from being flexible. The loops of units 7 and 8 have con-
formational differences, as described above, and include a
number of major substitutions. The superposition of this
area is shown in Figure 10. The main effect on the cleft
geometry results from differences in the loop of unit 7.
This loop is longer in Endo Fl than it is in Endo H, while
residues Arg228 and Glu226 replace Thr221 and Arg220,
respectively. The Endo F1 residues have their side chains
in an extended conformation directed towards the cat-
alytic site. This results in a narrowing of the upper edge of
the cleft by -6-7 A. Because the only major functional
difference between the two enzymes is in the processing
of oligosaccharides with an ax(1-6)-linked fucose sub-
stituent on the first GlcNAc residue, this conformational
and chemical difference is consistent with the suggested
model for binding because this area would corrrespond to
the location of the fucose group.
Biological. implications
Endo H is an endoglycosidase that is commonly
used in the analysis of glycoproteins and
asparagine-linked oligosaccharides. It cleaves the
bond between the two N-acetylglucosamine
residues of the 1,4-di-N-acetylchitobiose core
and is specific for high-mannose asparagine-linked
oligosaccharides. This specificity is determined by
recognition of a mannose group three residues
towards the non-reducing end of the oligosaccha-
ride from the cleavage site.
The structure of Endo H is very similar to that of
Endo F1, a related endoglycosidase that has nearly
identical substrate specificity. The molecule has an
irregular (ol/W)8 -barrel fold in which two ao-helices,
numbers 5 and 6, are missing. The putative cat-
alytic residues, Aspl30 and Glu132, are located in
a curved cleft over the top of the molecule. The
geometry of the active site is not totally consis-
tent with the proposal that Endo H would have
a mechanism of action similar to that of hen
egg-white lysozyme.
Detailed comparisons of the structures of Endo H
and Endo F support a model for substrate bind-
ing in which the a-helices of units 5 and 6 are
missing to accommodate the protein moiety of
the substrate, and in which a highly conserved
area at the opposite end of the cleft would be the
mannose-recognition area. The largest difference
between the two structures is in the conformation
of loop 7 and this can be correlated with differ-
ences in the ability of the two enzymes to process
glycoproteins that include an a(1-6)-linked fucose
substituent on the first N-acetylglucosamine
residue.
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Materials and methods
Crystallization
Samples of recombinant Endo H were provided by New
England Biolabs, Inc. Endo H was expressed in Escherichia coli
and purified using the pMAL fusion protein technique [22,23].
Crystals were grown by hanging-drop vapor-diffusion methods
at 200C as previously described [10]. The reservoir solution
contained 18% (w/v) polyethyleneglycol (MW 8000),
200 mM zinc acetate, and 100 mM cacodylate at pH 6.5.
The crystals belong to the tetragonal space group P4 3212 and
have unit cell dimensions of a=b=85.22 A, c=89.41 A,
V=649 336 A3. With one molecule (Mr 28 885) per asymmet-
ric unit this yields a Vm of 2.81 A3 Da t , corresponding to a
solvent content of-50% [24].
X-ray data collection
A 1.8 A native data set was measured with a Rigaku R-AXIS
IIc image plate area detector using graphite-monochromated
Cu-Ka radiation generated by a Rigaku RU 200 rotating
anode source. A total of 89 595 data were measured and merged
with 29155 unique data with F>0 with an RYm of 0.090. Of
these 29155 data, 24181 have F2>a(F2 ), corresponding to a
completeness of 83.9%. Afterwards, the data were considered
useable for refinement up to a resolution of 1.9 A because only
42.3% of the data in the resolution shell 1.9-1.8 A had
F2>a(F2 ), compared with 57.7% of the data between 2.0 A and
1.9 A. Derivative data were measured to 2.8 A or 2.5 A resolu-
tion depending on the quality of the crystals. The statistics for
the derivative data are summarized in Table 1.
Structure determination
The structure was determined by MIR methods using three
derivatives. All the derivatives were prepared by soaking the
crystals in 5 ml solutions of the precipitation buffer containing
the heavy-atom compounds at the concentrations listed in
Table 1. The program package PHASES (W Furey and
S Swaminathan, abstract PA33, American Crystallographic
Association Meeting, New Orleans, April, 1990) was used for
the location and refinement of the heavy-atom positions and
for the phasing. The first heavy-atom site of the CH 3HgAc
derivative was determined by difference Patterson synthesis.
Single isomorphous replacement phases were used in cross
Fourier calculations to identify the primary heavy-atom sites
of the two other derivatives, (CH 3)3PbAc and K2Pt(NO2) 4.
The resulting MIR phases were used in difference Fourier cal-
culations to locate the minor sites of all three derivatives.
Heavy-atom refinement and MIR phasing statistics are listed
in Table 2. The coordinates and relative occupancies of the
heavy atoms are listed in Table 3. The thermal parameters
were held fixed at 25 A2. Phases were initially calculated at a
resolution of 3.0 A. The average figure of merit (FOM) after
the heavy-atom refinement was 0.568 for 8021 phased reflec-
tions. Phases were improved by solvent flattening and phase
extension, using the Wang algorithm [25] as implemented in
PHASES. A solvent fraction of 0.45 was used to construct a
molecular envelope. The resulting statistics for 8486 reflec-
tions were: R=0.200 (R=Yhkl I[ Fo I- Fc I I/'hkl [ Fo l, where
Fo and Fc are the observed and calculated structure factors,
respectively), Fo/FC correlation coefficient=0.969, mean
fom=0.814. The electron-density maps were calculated for
space groups P4 1212 and P4 3212 and displayed using the pro-
gram CHAIN [26]. The correct space group was determined
to be P4 3212 based on the handedness of the -helices. The
map revealed most of the secondary-structure elements and a
sufficient number of recognizable side chains to allow building
of a partial Cot trace and sequence assignment [27]. The Cot
trace of Endo F was overlapped with this partial tracing to
help resolve ambiguous loop areas. The first five residues at
the N terminus and the C-terminal residue could not be
located in the map.
Refinement
The structure was refined by simulated annealing procedures as
implemented in the program suite X-PLOR [28,29]. The
force-field parameters derived by Huber and Engh were used
in the energy minimization [30]. The first two rounds of
refinement were carried out using the standard slow-cooling
protocol at 2.5 A resolution. The R-factor for 10131 data with
F>2tr(F) between 5.0 A and 2.5 A resolution dropped from
0.471 to 0.273. 2lFol-lFcl and IFo I-IFcl maps were calcu-
lated and the model interactively corrected using the program
CHAIN. Further refinement was carried out using alternate
cycles of standard positional and individual restrained tempera-
ture factor refinement including data to 2.2 A resolution, and
later to 1.9 A. Areas of weak or ambiguous density were
examined using omit maps for which all residues within a
sphere of 8 A radius were removed and the rest of the model
was subjected to refinement. The first solvent molecules were
added after the first round of refinement at a resolution of
2.2 A. The R-factor at this stage was 0.220. Water molecules
were initially identified as peaks in the I Fo I - I Fc and
21 Fo - Fc I maps within hydrogen-bonding distance of pro-
tein atoms or other water molecules. Water molecules whose
B-factors refined to values >75 A2 were considered noise and
rejected. The stereochemical parameters of the model were
checked with the geometry analysis features of X-PLOR and
the program PROCHECK [12].
The atomic coordinates and structure factors have been
deposited with the Brookhaven Protein Data Bank.
Table 1. Statistics on heavy-atom derivative data.
Concentration Time Resolution Rsym Completeness Rmerge
Derivative (mM) (days) (A) (on F2)* (%) F2/U(F2) (on F2)1
CH3HgAc 11 21 2.5 0.059 94.4 3.08 0.134
(CH3)3PbAc 25 8 2.8 0.038 96.3 4.87 0.062
K2Pt(NO 2)4 1.3 21 2.8 0.076 94.9 3.28 0.207
· Rsym(F2 ) =, hkli iIF2i(hkl)-<F2(hkl)>I/IhkIiF2i(hkl), where <F2 > is the average square structure factor of the i observations of the square of the struc-
ture factor F(hkl). tRmerge:=hkl[F2pH-F2pp/hkl(F2p H + F2p), where Fp is the native structure-factor amplitude and FPH is the derivative structure-factor
amplitude.
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Table 2. Multiple isomorphous replacement phasing statistics.
Resolution Phasing Reflections
Derivative (A) power* Rcullist RKraUt: FOM>0.25
CH3HgAc 2.5 2.05 0.490 0.079 6143
(CH3)3PbAc 2.8 1.34 0.601 0.166 5889
K2Pt(NO2)4 2.8 1.25 0.638 0.048 6424
*Phasing power is the rms (FHI/E), where FH is the heavy-atom
structure-factor amplitude and E is the residual lack of closure.
TRcullis=2:(FpH+Fp)-FH[/ IFpH-Fp| where FPH is the heavy-atom
derivative structure-factor amplitude and Fp is the protein structure-
factor amplitude. RKraut = FPH - FpH(calc) /I FPHI-
Table 3. Refined heavy-atom sites.
Fractional coordinates
Derivative Atom x y z Occupancy
CH3HgAc Hg -0.7681 -0.1957 -0.2341 1.0749
-0.7608 0.0233 -0.4422 1.2526
-0.7029 -0.1718 -0.2441 0.9603
-0.6691 -0.1555 -0.2518 0.6755
(CH3)3PbAc Pb -0.8042 -0.1738 -0.9282 1.4989
-0.7482 -0.1701 -0.1763 0.8231
-0.7812 -0.1692 -0.1695 1.0407
-0.7556 -0.1572 -0.1314 0.4970
K2Pt(NO2) 4 Pt -0.2971 -0.1916 -0.8217 1.2760
-0.3239 -0.0891 -0.5998 0.7377
-0.2174 -0.0438 -0.9868 0.7653
